A safe, rapid method for estimating left ventricular volume in man during the course of hemodynamic studies should prove helpful in the assessment of cardiac disease and useful in physiological research. It is the purpose of this report to present left ventricular volume measurements in man that were obtained by an indicator dilution method which employs cold as the indicator. This circulatory indicator has been studied by several workers (1-4) and has been used for left ventricular volume determinations in animals previously (5-10). The method employed was adapted from those used by Rapaport and his co-workers for left ventricular volume measurements in the dog (7) and right ventricular studies in man (11).
A safe, rapid method for estimating left ventricular volume in man during the course of hemodynamic studies should prove helpful in the assessment of cardiac disease and useful in physiological research. It is the purpose of this report to present left ventricular volume measurements in man that were obtained by an indicator dilution method which employs cold as the indicator. This circulatory indicator has been studied by several workers (1) (2) (3) (4) and has been used for left ventricular volume determinations in animals previously (5-10). The method employed was adapted from those used by Rapaport and his co-workers for left ventricular volume measurements in the dog (7) and right ventricular studies in man (11) .
Methods
Thirty-eight patients were studied during diagnostic left heart catheterization. The left ventricle was catheterized by the percutaneous transseptal method, utilizing a Teflon catheter which has four side holes near its tip (12) . Left atrial pressure was measured before and after ventricular catheterization. A brachial artery was cannulated percutaneously with a 15-cm length of polyethylene tubing. A 6F Teflon catheter was introduced percutaneously into the right femoral artery and advanced until its tip was slightly above the aortic valve, as judged fluoroscopically. Left heart pressures were measured with a P-23G strain gage' and systemic arterial pressure with a P-23D gage.' These pressures and the electrocardiogram were recorded with a direct-writing four channel oscillograph. 2 The measurement of left ventricular volume by indicator dilution requires determination of indicator concentrations in the proximal aorta during a sequence of beats after left ventricular injection. It is important that this dilution curve not be deformed by the sampling system and that it present an exponential series of decreasing, steplike concentrations. In these studies cold was used as the indicator and was delivered rapidly into the left ventricle by injections of 5 ml of cooled saline. Rarely, 10-to 15-ml injections were given in patients with extremely large ventricular volumes. A bead thermistor in the proximal aorta served as the sampling system. The thermistor catheter was of nylon (o. d., 0.97 mm) with a closed end and had a rapidly responding thermistor bead mounted at its tip.3 This catheter was 1 cm longer than the radiopaque aortic catheter and was inserted into the latter when thermodilution curves were to be recorded. This placed the thermistor into the blood stream just above the aortic valve. Immediately after recording the thermodilution curves and cardiac output by dye dilution, the aortic catheters were removed to avoid the possibility of thrombosis.
The thermistor was employed as one arm of a Wheatstone bridge that was activated by a mercury battery. Approximately 0.1 v was presented to the thermistor itself. The resulting signal was amplified by a type 53/54 D preamplifier4 and displayed with a type RM 565 oscilloscope. 4 The electrocardiogram was displayed simultaneously by a type 3 A 74 amplifying electronic switch. 4 Records were made by photographing the oscilloscope screen with 35-mm film.
The thermistors were calibrated against known temperature in a water bath. The peak change in aortic blood temperature produced by the cold inj ections was usually between 0.3°and 0.50 C. Since the changes in blood temperature were small, the thermistor could be used as a linearly responding system (7) . The thermodilution curves were analyzed to obtain a dimensionless ratio, and therefore knowledge of the exact quantity of cold injected was not required. were free of any significant hemodynamic burden for the left ventricle. Four of these were studied several months after aortic commissurotomy or aortic valve replacement (two each), and three had small transvalvular systolic pressure gradients. The fifth patient in this group had an atrial septal defect. These five patients cannot be considered normal in a strict sense. The patients with mitral stenosis had no clinical or hemodynamic evidence of mitral regurgitation. Those listed with aortic stenosis had peak systolic pressure gradients between the left ventricle and the brachial artery of 24 to 120 mm Hg without evidence of severe aortic regurgitation. One patient in the aortic insufficiency group had a systolic transvalvular gradient of 30 mm Hg but had all other signs of gross regurgitation.
Patients came to the laboratory fasting and had received 100 mg of secobarbital or pentobarbital. From 1 to 7 thermodilution curves were obtained in each patient. The indocyanine green curve was recorded with or immediately before or after the thermal curves. The cooled saline and dye inj ections were usually accomplished within a 5-minute period.
Differences between various groups of patients were analyzed by the t test.
Results
The complete data are presented in Table I . The volume results are corrected for body size and expressed as milliliters per square meter body surface area.
Deleterious effects from the injections of cooled saline were not observed. Electrocardiographic changes were not~een, except for appearance of a premature contraction in some patients at the time of injection.
140 thermodilution curves were recorded in the 38 patients, and a steplike washout of indicator from the left ventricle was consistently recorded. Multiple curves were obtained in 36 patients, and the reproducibility of the test is shown graphically in Figure 1 . For further analysis of reproducibility, the average ratio Tn+I/Tn for a single curve was compared with the average value for all of the curves in that patient. The difference was expressed as a percentage of this average, without regard to sign. The mean difference of Tn+1/Tn for a given curve from the average for that patient was 3.2 ± 3.1% (mean + 1 SD).
Duplicate curves from a patient are presented in Figure 2 .
The consistency of the exponential downslope of the thermodilution curves was analyzed in detail in 84 curves from the first 23 patients studied. The ratio of each pair of downslope deflections (T4/T3, and so forth) was compared with the average of such ratios for that curve. The difference was (9) . The fraction of the EDV ejected as the FSV ranged from 27 to 54%o in the five patients with "normal" ventricular function (miscellaneous group). An example is shown in Figure 3 . Low ratios of FSV/EDV and the largest EDV's were found in the patients with predominant aortic insufficiency (Figure 4) . The mean EDV for this group was 218 ml per m2 BSA, and this value was significantly different from that of the miscellaneous group (p < 0.01). The value for the ESV and regurgitant volume combined was almost three times greater in the aortic insufficiency patients.
The findings in four of the five patients with mitral stenosis were similar to the miscellaneous category, and no difference between the groups for EDV was shown ( Figure 5 ).
Patients with predominant aortic stenosis had a larger EDV than the miscellaneous group (p < 0.01). Seven of these 13 patients had a murmur of aortic insufficiency, although this not considered a prominent feature of their disease. These seven had a mean EDV of 162 ml per m2 compared to 113 ml per m2 for those with aortic stenosis and no regurgitant murmur (p < 0.01). When those with no aortic insufficiency were compared with the miscellaneous group, no difference was found. When the entire aortic stenosis group was compared to those patients with predominant aortic insufficiency, the latter had a larger EDV (p < 0.05). Steplike temperature changes in the upslope of the curve resulted when injection was not confined to diastole. This did not influence temperature ratios in the downslope.
The thermal curves were employed empirically in the four patients with mitral insufficiency, and ventricular EDV was not calculated. Three of these four had atrial fibrillation with a fairly regular ventricular rate and were the only ones in the study who did not have sinus rhythm. Their values for FSV/EDV tended to be low.
There was a generally inverse relationship between the fraction of the EDV ejected as the FSV and the EDV itself, as shown in Figure 6 . Thus when all the patients were compared, the FSV tended to fall or remain unchanged as the EDV increased.
Discussion
The measurements of left ventricular EDV correlated well with clinical observations in the patients studied. In general those with mitral stenosis or pure aortic stenosis had an EDV similar to the control group, and those with predominant aortic insufficiency had larger volumes, as expected. The miscellaneous group of five patients all had heart disease, which in four had been treated surgically with good results. It is possible, or even likely, that more complete systolic emptying of the ventricle and a smaller ESV occur in persons without heart disease. At present our data and those of Folse and Braunwald (14) , using a somewhat similar approach, suggest that the normal EDV is below 150 ml per in2.
An interesting finding in the patients with aortic stenosis was the difference between those with and those without, an aortic insufficiency mur- (15) , and a recent editorial has advised a reappraisal of the interpretation of ventricular enddiastolic pressure (16) .
The generally inverse relation between FSV/ EDV and EDV indicates the serious consequences of valvular heart disease for the left ventricle. To develop a given systolic pressure, a large EDV necessitates a large increase in the force of contraction by the ventricular muscle (17) , simply to produce the same or even a smaller forward flow. The disadvantage for ventricular function can be enormous, and myocardial oxygen needs will be increased (18) .
One of the patients with mitral stenosis de- (15, (20) (21) (22) (25) . Rather, the series of decreasing aortic concentrations must equal a corresponding series of average ventricular enddiastolic concentrations, whether the indicator is well mixed or not. A misleading, reasonably pure exponential could occur, however, if blood entering the ventricle from the atrium during diastole gained a consistent (but insufficient) proportion of residual ventricular indicator and was preferentially ejected as the next stroke volume. In this situation, the degree of ventricular emptying could be underestimated. When empirical models of such situations are constructed mathematically, the errors in general do not change the order of magnitude of the results. The addition of aortic insufficiency to the system might be expected to improve ventricular mixing by turbulence in the chamber.
The method we employed was safe, reproducible, and easily performed during the course of transseptal left heart catheterization. The information obtained was useful in the clinical evaluation of the patients and in several cases helped to explain elevated left ventricular enddiastolic pressures that would otherwise have been attributed to ventricular failure despite the absence of any other signs. \Ve believe that further application of the method in study of the circulation in man is warranted.
Summary
In 38 patients, left ventricular volume estimations were obtained from thermodilution curves recorded in the ascending aorta after left ventricular injection of cooled saline. The results were reproducible, and a discontinuous, steplike exponential function was consistently seen in the thermodilution curves.
Patients without significant abnormalities of left ventricular function were compared with groups with various valve lesions. These with "normal" ventricular function, with mitral stenosis, and those with pure aortic stenosis had similar enddiastolic ventricular volumes. Patients with aortic stenosis and the murmur of aortic insufficiency had larger volumes as did those with predominant aortic insufficiency.
There was no correlation between end-diastolic volume and ventricular end-diastolic pressure when patients were compared. It is concluded that thermodilution offers a safe means of obtaining left ventricular volume estimations during left heart catheterization and that the information obtained is useful for clinical and investigative purposes.
